Introduction {#sec1}
============

Insulin-degrading enzyme (IDE) is an attractive target \[[@B1],[@B2]\] for the development of novel therapeutic strategies for type 2 diabetes (T2D) and Alzheimer's disease (AD), because it degrades amylin \[[@B1]\], which self-assembles to form assemblies that are toxic to the insulin-producing pancreatic β-cells \[[@B3]\] and the amyloid-β protein (Aβ) \[[@B2],[@B4]\], which aggregates to form neurotoxic oligomers \[[@B5]\]. IDE is composed of an N-terminal half (IDE-N) and a C-terminal half (IDE-C) joined by a flexible loop (PDB ID 4PES, [Figure 1](#F1){ref-type="fig"}A) \[[@B6],[@B7]\]. The two halves come together to form a catalytic chamber, also known as a crypt, with a volume of approximately 16,000 Å^3^, excluding substrates that contain more than 80 amino acids \[[@B6],[@B8]\]. The crypt of IDE also has interesting electrostatic properties in that the predominantly negative interior of IDE-N complements the predominantly positive interior of IDE-C. IDE-N contains a highly conserved exosite ([Figure 1](#F1){ref-type="fig"}A), which has been hypothesized to anchor IDE's substrates prior to degradation \[[@B1],[@B8]\], and the active site (∼30 Å away from the exosite) which contains the Zn^2+^ binding motif HXXEH ([Figure 1](#F1){ref-type="fig"}B), in which the two histidines (H108 and H112) coordinate Zn^2+^ and the glutamate residue (E111, replaced by glutamine in 4PES) is directly involved in the hydrolysis of peptide bonds. Replacing E111 with glutamine deactivates IDE \[[@B13]\].

![Structure of IDE determined by X-ray crystallography (PDB ID 4PES \[[@B7]\])\
(**A**) Molecular surface of IDE along with the ribbon representation of its tertiary structure. IDE is composed of an N-terminal half (IDE-N, dark green) and a C-terminal half (IDE-C, light green) linked by a flexible linker (magenta). IDE-N contains a conserved exosite (yellow) which contains an anti-parallel β-sheet. (**B**) The active site is found in IDE-N and contains the HXXEH motif, in which the two histidines (H108 and H112) coordinate Zn^2+^ and the glutamate (E111 mutated to a glutamine in 4PES) participates in the hydrolysis of peptide bonds.](bsr-38-bsr20181416-g1){#F1}

The ability of IDE to degrade amyloidogenic substrates suggests that the development of small-molecule activators that increase its activity is an attractive therapeutic strategy for T2D and AD. However, enhancing the activity of IDE has deleterious consequences. As its name implies, IDE also degrades insulin \[[@B14],[@B15]\], a hormone that regulates blood glucose levels by helping cells take in glucose. A more attractive therapeutic strategy, therefore, is one that will enhance the IDE-dependent clearance of the amyloidogenic substrates without offsetting the normal levels of insulin. An important requirement of this strategy is the identification of regulators that govern the activity of the enzyme toward insulin *in vivo*.

Insulin is composed of two chains (A and B), joined together by two interchain disulfide bonds (Cys^A7^−Cys^B7^ and Cys^A20^−Cys^B19^). Previous kinetic studies on the identification of potential regulators of the IDE-dependent degradation of insulin have used the trichloroacetic (TCA) assay \[[@B16],[@B17]\], presumably because of the impracticality of using HPLC for insulin degradation assays, as discussed by Duckworth \[[@B18]\]. The TCA assay, however, requires monoiodination of one of four tyrosines (Tyr^A14^, Tyr^A19^, Tyr^B16^, and Tyr^B26^) of insulin, and the location of iodine can affect the kinetics of the degradation \[[@B18]\]. The latter is to be expected, since experimental and theoretical studies have shown that site-specific iodination of insulin modifies its biological and biochemical properties \[[@B19]\]. Quantum mechanical calculations have shown that the positive σ-hole of large halogens including iodine can form stabilizing interactions with proximate water molecules and polar groups \[[@B20]\]. Site-specific iodination of Tyr^B26^ enhances the binding of insulin to its receptor \[[@B23],[@B24]\] and increases the resistance of a rapid acting insulin analog to fibrillation \[[@B25]\]. We hypothesize that the site-specific iodination of insulin also enhances the interaction of the protein with IDE, thus making the relevance of *in vitro* studies that used iodinated insulin to the degradation of insulin *in vivo* difficult to ascertain.

In the present study, we used circular dichroism (CD) to monitor the IDE-dependent degradation of unlabeled insulin. By using the observed ellipticity at 222 nm as a measure of the extent of degradation, we were able to obtain Michaelis--Menten kinetic constants in the absence and presence of adenosine triphosphate (ATP), which has been hypothesized to regulate IDE *in vivo* \[[@B10],[@B16],[@B17],[@B26],[@B27]\]. Our results show that ATP regulates IDE-dependent degradation of insulin, but the addition of Mg^2+^ abolishes the regulation. Importantly, this finding has implications for the development of therapeutic and/or preventative strategies for AD.

Materials and methods {#sec2}
=====================

Insulin-degrading enzyme expression and purification {#sec2-1}
----------------------------------------------------

The vector (pGEX-6p-1) encoding glutathione S-transferase tagged human insulin-degrading enzyme (GST-IDE) was kindly provided by Dr Malcolm A. Leissring (University of California, Irvine). The E111Q mutation was introduced into the vector using site-directed mutagenesis and verified by DNA sequencing. Wild-type and E111Q GST-IDE were expressed in *Escherichia coli* BL21 (DE3) codon plus competent cells and grown in LB broth at 37°C to an OD~600~ of 0.4. Expression was then induced with 50 µM isopropyl-β-1-thiogalactopyranoside, followed by incubation for 16 h at 200 rpm and 25°C. The cells were harvested by centrifuging at 1500×*g* for 10 min at 4°C. The pellet was then resuspended in 20 ml PBS with 400 µL of a 100-mM solution of the non-metalloprotease inhibitor phenylmethylsulfonyl fluoride in ethanol. The solution was then homogenized using an Avestin homogenizer to break open the cells, then centrifuged at 103,000×*g* for 40 min to separate the cell debris from the soluble protein. The IDE-containing supernatant was syringe filtered with a 0.2 µm filter and purified using a 5 mL GST Trap Fast Flow column (GE) on an ÄKTA Pure FPLC and eluted with PBS containing 10 mM glutathione. Fractions containing IDE were combined and incubated for 1 h at room temperature with 600 µL of GST PreScission protease (2.5 mg/mL) to cleave the GST-tag. The solution was dialyzed overnight in PBS at 4°C with gentle stirring. Purification by size-exclusion chromatography was completed using a HiLoad 16/600 Superdex 200 pg column, also connected to the ÄKTA Pure FPLC. The concentration of the purified protein was determined using UV absorbance at 280 nm (*ε*~280\ nm~ = 113,570 M^−1^ cm^−1^ \[[@B28]\]). Glycerol was then added to the solution of IDE to 1% (v/v). After aliquoting, the solutions were flash frozen with liquid nitrogen and stored at −80°C.

Preparation of stock solutions {#sec2-2}
------------------------------

Human insulin and ATP were purchased from Sigma--Aldrich (St. Louis, MO), and stock solutions of each molecule were prepared in 50 mM Tris buffer (pH 7.4). To overcome the low solubility of insulin at pH 7.4, the solutions were incubated at 37°C overnight, cooled down to room temperature the following day and then centrifuged at 16000×*g* for 1 min to remove undissolved protein. Concentrations were determined by UV absorbance at 276 nm (*ε*~276\ nm~ = 6190 M^−1^ cm^−1^ \[[@B29]\]) for insulin and by UV absorbance at 259 nm (*ε*~259\ nm~ = 15,400 M^−1^ cm^−1^ \[[@B30]\]) for ATP. MgCl~2~ was purchased from Fisher Scientific (Fair Lawn, NJ). Stock solutions of MgCl~2~ at 50 mM were prepared in 50 mM Tris buffer (pH 7.4).

CD spectroscopy {#sec2-3}
---------------

Far UV CD spectra were recorded at 37°C using a JASCO J-815 spectropolarimeter. Quartz cuvettes with a path length of 1 mm were used. Each spectrum reported in this work was an average of four scans, with each scan recorded from 260 to 198 nm using 1 nm steps and an averaging time of 1 s. All samples were kept at 37°C in between recording of spectra.

LC/MS {#sec2-4}
-----

IDE-dependent digestions of insulin were conducted at 37 and at 4°C at a substrate-to-enzyme molar ratio of 100:1. Aliquots (18 µL) of each digestion were removed periodically and acidified with 8 µL of 1% (v/v) trifluoroacetic acid in water to quench the reactions. To break the disulfide bonds prior to LC/MS, the samples were neutralized and reduced immediately with 10 µL of 45 mM dithiothreitol for 30 min at 50°C. The samples were then alkylated in the dark with 10 µL of 100 mM iodoacetamide for 30 min at room temperature.

All LC/MS experiments were conducted at the Proteomics and Mass Spectrometry Facility of the University of Massachusetts Medical School. After drying the samples, they were diluted to 5 µM in a solution of 5% acetonitrile and 0.1% TFA. Peptide separation and identification by mass spectrometry were achieved using a NanoAcquity UPLC system (Waters Corporation) interfaced to an Orbitrap Q Exactive hybrid mass spectrometer (Thermo Fisher Scientific). The digests were fractionated using an analytical column packed with 25 cm of 3 µm Magic C18AQ (Bruker--Michrom) particles. Solvents A and B were 0.1% formic acid in water and 0.1% formic acid in acetonitrile, respectively. The elution program included a linear gradient developed from 5% solvent A to 35% solvent B in 45 min. Ions were introduced by positive electrospray ionization through a liquid junction into the mass spectrometer. Mass spectra were recorded from 300 to 1750 (m/z) at 70,000 resolution (m/z 200). Data-dependent acquisition chose the ten most abundant precursor ions for tandem mass spectrometry by higher energy collisional dissociation using an isolation width of 1.6 Da, collision energy of 27, and a resolution of 17,500.

Raw data files were processed using version 2.1 of Proteome Discoverer (Thermo Fisher Scientific) prior to database searching with version 2.5 of Mascot Server against the *Uniprot_Human* database. Search parameters did not include enzyme specificity. Variable modifications were considered, including N-terminal acetylation of the protein, oxidized methionine and pyroglutamic acid for N-terminal glutamine. Search results were then loaded into Scaffold Viewer (Proteome Software, Inc.).

Enzyme kinetics {#sec2-5}
---------------

Seven insulin solutions in 50 mM Tris buffer (pH 7.4), each with a volume of 200 μL, were prepared in Eppendorf tubes. The concentration of the solutions ranged from 15 to 110 µM (15, 20, 25, 30, 50, 80, and 110 µM). The reaction was initiated with the addition of IDE at a concentration of 1 µM. The solution was then transferred into a 1-mm path length quartz cuvette which was then loaded into the sample holder of our CD spectrometer, where the ellipticity at 222 nm (\[*θ*~obs(222\ nm)~\]) was recorded for 5 min at 37°C. The real-time \[*θ*~obs(222\ nm)~\] data were then used to calculate the amount of digested insulin (\[DI\]) using ([eqn 1](#e1){ref-type="disp-formula"}). Initial rates (*V*~0~) were determined from plots of \[DI\] against time. Michaelis--Menten, Lineweaver--Burk, and Hanes--Woolf plots were constructed and used to determine the kinetic constants *K*~M~, *V*~max~, *k*~cat~, and *k*~cat~/*K*~M~.

Results and discussion {#sec3}
======================

Our premise for using CD in our studies of the IDE-dependent degradation of insulin is based on the current working model of the IDE-dependent degradation of insulin \[[@B1],[@B8]\]: the predominantly α-helical structure of insulin must unfold following its binding and degradation within the crypt of IDE. If true, the α-helical dichroic spectrum of insulin, showing two negative absorption bands centered at 222 and 208 nm and a positive absorption band centered below 200 nm \[[@B31]\], must change dramatically. Indeed, CD spectra of insulin in the presence of IDE recorded periodically show loss of the helical dichroic signals with increasing digestion time ([Figure 2](#F2){ref-type="fig"}A). In sharp contrast, the dichroic spectrum of insulin did not change in the presence of E111Q IDE ([Figure 2](#F2){ref-type="fig"}B), demonstrating that in the presence of the inactive form of IDE, insulin does not unfold.

![The far UV CD spectrum of insulin is sensitive to the extent of IDE-dependent degradation\
(**A**) In the presence of IDE, the helical dichroic signals of insulin at 222 and 208 nm are lost as digestion time is increased from 1 min to 24 h. (**B**) In the presence of E111Q IDE, the helical dichroic signals of insulin persisted. All spectra in (**A**) and (**B**) were collected at 37°C on 20 μM insulin in 50 mM Tris buffer, pH 7.4. The substrate-to-enzyme molar ratio was 100:1.](bsr-38-bsr20181416-g2){#F2}

To show unambiguously that the loss of helical content in [Figure 2](#F2){ref-type="fig"}A was due to insulin degradation, we performed digestions using conditions similar to those used in preparing the CD samples in [Figure 2](#F2){ref-type="fig"} (i.e., 20 μM insulin in 50 mM Tris buffer (pH 7.4), substrate-to-enzyme molar ratio of 100:1, digestion temperature of 37°C). Aliquots of the digests were taken periodically for analysis by LC/MS. To unambiguously determine where the cleavages occur, insulin in the quenched digests was reacted with dithiothreitol to reduce Cys residues followed by alkylation using iodoacetamide to prevent the reformation of disulfide bonds. Supplementary Figure S1 presents the mass spectra of the 1-min, 3-h, and 24-h digests. The signals detected in the spectrum of the 1-min digest include peaks corresponding to intact A and B chains and peaks corresponding to two fragments of the A chain, Gly^A1^−Leu^A13^ and Tyr^A14^−Asn^A21^ (Supplementary Figure S1A, Supplementary Table S1). With an increase in digestion time to 3 h, peaks corresponding to additional fragments were detected along with peaks for intact A and B chains that were of lower intensities relative to the 1-min spectrum (Supplementary Figure S1B and Supplementary Table S1). At 24 h, no peak corresponding to intact A or B was detected, indicating complete degradation of insulin (Supplementary Figure S1C, Supplementary Table S1).

Next, we calculated the well-known Michaelis--Menten kinetic constants using the observed ellipticity at 222 nm (\[*θ*~obs(222\ nm)~\]). After adding IDE to insulin, we recorded in real time \[*θ*~obs(222\ nm)~\] and observed that the ellipticity increases (i.e., it becomes less negative indicating loss of helical structure \[[@B32]\]) with an increase in digestion time ([Figure 3](#F3){ref-type="fig"}A). Based on the assumption that the increase in \[*θ*~obs(222\ nm)~\] correlates with the amount of insulin digested, we thus used the following equation to approximate the amount of insulin digested over time: $$\left\lbrack \text{DI} \right\rbrack_{t} = \left\lbrack \text{I} \right\rbrack_{0} \times \left( 1 - \frac{\left\lbrack \textit{θ}_{\text{obs}(222\text{ nm})} \right\rbrack_{t}}{\left\lbrack \textit{θ}_{\text{obs}(222\text{ nm})} \right\rbrack_{0}} \right)$$

![Early-stage kinetics of the IDE-dependent degradation of insulin in 50 mM Tris buffer (pH 7.4) at 37°C using observed ellipticity at 222 nm (\[*θ*~obs(222\ nm)~\])\
(**A**) Representative real-time plots of \[*θ*~obs(222\ nm)~\] versus digestion time (0--300 s). The initial substrate concentration is indicated at the top of each plot. (**B**) Corresponding real-time plots of digested insulin (\[DI\]), calculated using [eqn 1](#e1){ref-type="disp-formula"}, versus digestion time. The R^2^ values of the fitting of the data to straight lines are (from left to right) 0.92, 0.92, and 0.88. The slope of each line yields *V~0~*.](bsr-38-bsr20181416-g3){#F3}

where \[DI\]*~t~* is the amount of insulin digested at time *t*, \[I\]~0~ is the initial amount of undigested insulin, and \[*θ*~obs(222\ nm)~\]*~t~* and \[*θ*~obs(222\ nm)~\]~0~ are the observed ellipticities at 222 nm at time *t* and time = 0, respectively. We noted that if \[*θ*~obs(222\ nm)~\]*~t~* equals \[*θ*~obs(222\ nm)~\]~0~, i.e., there is no change in the ellipticity, ([eqn 1](#e1){ref-type="disp-formula"}) correctly predicts that the amount of digested insulin is 0. [Figure 3](#F3){ref-type="fig"}B presents representative plots of \[DI\]*~t~* against digestion time. Linear regression analysis yields *V*~0~, the initial velocity (or initial rate) of the IDE-catalyzed degradation of insulin. We used seven initial concentrations of the substrate (\[S\]) and kept the concentration of IDE constant and determined *V*~0~ from plots similar to [Figure 3](#F3){ref-type="fig"}B. To obtain an initial proof of concept, we constructed Michaelis--Menten, Lineweaver--Burk and Hanes--Woolf plots ([Figure 4](#F4){ref-type="fig"}), and obtained the expected hyperbolic increase in *V*~0~ with an increase in \[S\], linear increase in 1/*V*~0~ with an increase in 1/\[S\], and linear increase in \[S\]/*V*~0~ with an increase in \[S\], respectively. From these plots, we determined the steady-state kinetic parameters *K*~M~, *k*~cat~, and *k*~cat~/*K*~M~. [Table 1](#T1){ref-type="table"} presents the parameters determined from the Michaelis--Menten plots. Similar results were obtained from the Lineweaver--Burk (Supplementary Table S2) and Hanes--Woolf (Supplementary Table S3) plots. We noted that the specificity constant *k*~cat~/*K*~M~ of 2.4 × 10^3^ M^−1^ s^−1^ ([Table 1](#T1){ref-type="table"}) is less than the value of 4.0 × 10^4^ M^−1^ s^−1^ determined by Chesneau and Rosner for recombinant human IDE and ^125^I-insulin (iodinated at Tyr^A14^) \[[@B33]\]. We speculate that the higher *k*~cat~/*K*~M~ obtained by Chesneau and Rosner is due to an enhancement of the interaction of chain A of insulin with the active site of IDE, resulting in an increased rate of cleavage of the peptide bond between Leu^A13^ and Tyr^A14^, the bond that is cleaved initially by IDE as determined by limited proteolysis (LP) (*vide infra*).

![The IDE-dependent degradation of insulin at pH 7.4 and 37°C follows Michaelis--Menten kinetics\
Kinetic plots including (**A**) Michaelis--Menten, (**B**) Lineweaver--Burk, and (**C**) Hanes--Woolf plots were obtained from *V*~0~ determined from real-time plots of \[*θ*~obs(222\ nm)~\] versus digestion time. Each solid square represents the mean of *V~0~*, 1/*V~0~*, or \[insulin\]/*V~0~* from three kinetic trials and the error bars represent standard deviations.](bsr-38-bsr20181416-g4){#F4}

###### Steady-state kinetic parameters[^1^](#T1TFN1){ref-type="table-fn"} for the degradation of insulin by IDE at pH 7.4 and 37°C determined from Michaelis--Menten plots

  Regulator                *K*~M~ (M)            *k*~cat~ (s^−1^)   *k*~cat~/*K*~M~ (M^−1^s^−1^)
  ------------------------ --------------------- ------------------ ------------------------------
  None                     2.0 ± 0.04 × 10^−5^   0.048 ± 0.08       2.4 ± 0.02 × 10^3^
  1 mM ATP                 3.0 ± 0.2 × 10^−5^    0.056 ± 0.2        1.8 ± 0.07 × 10^3^
  1 mM ATP + 1 mM Mg^2+^   2.0 ± 0.05 × 10^−5^   0.044 ± 0.07       2.1 ± 0.02 × 10^3^

Values are the means ± S.D. from three trials.

To determine the effect of ATP on the IDE-dependent hydrolysis of insulin and to obtain additional proof of concept, we repeated our digestion experiments in the presence of 1 mM ATP and 1 mM ATP plus 1 mM Mg^2+^. Table 1, Supplementary Tables S2 and S3 present the kinetic parameters determined from dichroic data similar to those shown in [Figure 3](#F3){ref-type="fig"}A. Our results show that the addition of 1 mM ATP decreases *k*~cat~/*K*~M~ by 25 % (Table 1, Supplementary Tables S2 and S3), consistent with previous work by Song and co-workers showing that ATP regulates the activity of IDE toward large substrates including insulin \[[@B17]\]. The regulation may be mediated by the electrostatic interaction of the negatively charged triphosphate moiety of ATP with the positively charged interior of IDE-C \[[@B10],[@B11]\]. Additionally, we found that when an equimolar amount of Mg^2+^ is present, ATP has no effect on *k*~cat~/*K*~M~ (Table 1, Supplementary Tables S2 and S3), suggesting that the presence of Mg^2+^ modulates the electrostatic interaction between ATP and IDE-C. Together, our results provide strong proof of concept for the validity of our CD-based assay.

We noted that the *k*~cat~ of IDE in the absence or presence of ATP is more than two orders of magnitude slower than the median turnover of ∼10 s^−1^ determined by Bar-Even and co-workers from an analysis of several thousand enzymes and their natural substrates \[[@B34]\], let alone compared with *k*~cat~ of well-known examples of fast enzymes (e.g., superoxide dismutase and carbonic anhydrase), or to the theoretical limit of 10^6^--10^7^s^−1^ \[[@B35]\]. The *k*~cat~/*K*~M~ of IDE in the absence and presence of ATP is two orders of magnitude smaller than the median *k*~cat~/*K*~M~ of ∼10^5^ M^−1^s^−1^ determined by Bar-Even and co-workers \[[@B34]\]. Together, these observations suggest that IDE, when compared with other enzymes in the literature, is inefficient in degrading insulin. To explain the low *k*~cat~ and *k*~cat~/*K*~M~ of IDE, we noted that it has been hypothesized that IDE is specific to β-structure-forming substrates \[[@B1],[@B2],[@B6]\], presumably because the substrate forms β-sheet-like interactions with IDE prior to degradation \[[@B36]\]. To determine the orientation of insulin in the crypt of IDE during proteolysis, we used LP together with LC/MS. We have previously used LP and LC/MS to successfully elucidate the conformation of monomeric states of amyloidogenic peptides including Aβ \[[@B37],[@B38]\] and amylin \[[@B39]\]. By applying the conditions for LP including substrate-to-enzyme molar ratios ≥100:1, digestion temperature of 4°C, and short digestion times (∼1 min), the initial cleavage site in insulin can be identified and then used as a constraint in deciphering the arrangement of insulin monomer in the crypt of IDE. [Figure 5](#F5){ref-type="fig"}A presents the mass spectrum of the 1-min digest. Interestingly, the spectrum is similar to the mass spectrum of the 1-min digest at 37°C (Supplementary Figure S1A) in that the peaks detected in the spectrum include peaks corresponding to intact A and B chains and peaks corresponding to fragments of the A chain including Gly^A1^−Leu^A13^ and Tyr^A14^−Asn^A21^. This result unambiguously indicates that the initial cleavage occurs in chain A of insulin, particularly at the peptide bond between Leu^A13^ and Tyr^A14^. This agrees with the current working model of how IDE sequentially cleaves insulin \[[@B8]\] and with studies of the IDE-dependent hydrolysis of insulin by LC/MS \[[@B40]\] and by matrix assisted laser desorption ionization mass spectrometry \[[@B41]\]. X-ray structures of IDE show that its exosite forms an anti-parallel β-sheet ([Figure 1](#F1){ref-type="fig"}A) consisting of a β-strand ([L]{.ul}~359~V[G]{.ul}G[Q]{.ul}K[E]{.ul}~365~), a β-turn (G~366~ARG~369~), and a second β-strand ([F]{.ul}~370~F[F]{.ul}I[I]{.ul}N[V]{.ul}~376~) \[[@B7]\]. The underlined residues are found in the crypt of IDE. The only way for the initial cleavage to occur in chain A of insulin is for the exosite of IDE to bind the C-terminal segment of the B chain of insulin ([Figure 5](#F5){ref-type="fig"}B), not its N-terminus, as previously hypothesized \[[@B1],[@B8]\]. We noted that the C-terminal segment of the B chain of insulin has a high propensity to form β-sheet in that in the structure of insulin dimer \[[@B31]\], the repeating unit in the hexameric form of the protein *in vivo*, the C-terminal segment of the B chain of one monomer forms a β-sheet with the C-terminal segment of the B chain of the other monomer. We speculate that the anchoring of the C-terminal segment of the B chain of insulin to IDE's exosite is facilitated by interactions of the ([L]{.ul}~359~V[G]{.ul}G[Q]{.ul}K[E]{.ul}~365~) β-strand of IDE with the C-terminal segment of insulin, including an electrostatic attraction between Lys^B29^ and E365, thereby directing the initial cleavage to occur in the unstructured middle part of the A chain ([Figure 5](#F5){ref-type="fig"}B). Our model supports the hypothesis that the specificity of IDE to β-structure-forming susbstrates is due to the interaction of the non-helical part of the substrate with the β-sheet structure of IDE's highly conserved exosite. IDE is slow and inefficient in its turnover of insulin because this substrate is predominantly α-helical.

![Limited proteolysis of insulin by IDE\
Insulin (100 μM in 50 mM Tris buffer (pH 7.4) was digested at 4°C by IDE using a substrate to enzyme molar ratio of 100:1. Quenched digests were reduced and alkylated for the unambiguous identification of the initial cleavage site by mass spectrometry. (**A**) Mass spectrum of the 1-min digest. The peaks corresponding to intact A, intact B, Gly^A1^−Leu^A13^, and Tyr^A14^−Asn^A21^ are identified. The inset shows schematically how the reduction and alkylation of insulin make possible the unambiguous identification of the initial cleavage site. Below the mass spectrum, the peptide map of insulin shows that the site of the initial cleavage is the peptide bond between Leu^A13^ and Tyr^A14^. (**B**) Schematic representation of the orientation of insulin in the crypt of IDE. IDE-N and IDE-C are shown in dark green and light green, respectively. We hypothesize that the C-terminal segment of chain B of insulin interacts with one of the β-strands in IDE's exosite, mediated in part by the electrostatic interaction between the positively charged lysine residue in the C-terminus of the B chain of insulin (Lys^B29^), and the negatively charged glutamate residue in the exosite of IDE (E365), directing the initial cleavage to take place near the middle of chain A.](bsr-38-bsr20181416-g5){#F5}

How might our results summarized in [Table 1](#T1){ref-type="table"} be exploited in the development of therapeutic and/or preventative strategies for AD? Recently, Patel and co-workers showed that ATP at physiological concentrations in the presence of an equimolar amount of Mg^2+^ is a biological hydrotrope in that it increases the solubility of proteins and prevents the aggregation of monomers of Aβ42 \[[@B42]\], one of the most amyloidogenic forms of Aβ \[[@B43]\]. This finding suggests that the ability of IDE to degrade monomeric Aβ42 may be enhanced in the presence of ATP. Because levels of ATP decline with ageing or mitochondrial impairment \[[@B44],[@B45]\], our results as summarized in [Table 1](#T1){ref-type="table"}, suggest that preventative strategies aimed at maintaining the normal levels of ATP and Mg^2+^ may boost the IDE-dependent clearance of Aβ42 without offsetting the normal levels of insulin.

In conclusion, we have presented a novel assay for the determination of Michaelis--Menten kinetic constants for the IDE-dependent degradation of unlabeled insulin. We anticipate that this assay will inform us of other small molecules that regulate the degradation of insulin. A full understanding of the IDE-dependent degradation of insulin is key in the development of therapeutic strategies targetting IDE to treat T2D and AD.

Supporting information {#sec4}
======================

###### 

Proteolysis of insulin by IDE at 37°C. Insulin (100 μM in 50 mM Tris buffer, pH 7.4) was digested by IDE using a substrate-to-enzyme molar ratio of 100:1. Quenched digests were reduced and alkylated for the unambiguous identification of products by mass spectrometry. (A) Mass spectrum of the 1-minute digest. Peaks corresponding to intact A, intact B and fragments due to the cleavage of the peptide bond between Leu^A13^ and Tyr^A14^ were detected. (B) Mass spectrum of the 3-hour digest. Peaks corresponding to intact A, intact B, and short fragments of the A and B chains were detected. (C) Mass spectrum of the 24-hour digest. No peak corresponding to intact A or intact B was observed indicating complete digestion of insulin.

###### Chains and dominant fragments detected in the mass spectra of insulin digests.\*

###### Steady-state kinetic parameters for the degradation of insulin by IDE at pH 7.4 and 37°C determined from Lineweaver-Burk plots.

###### Steady-state kinetic parameters for the degradation of insulin by IDE at pH 7.4 and 37°C determined from Hanes-Woolf plots.
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